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SECTION 1 
INTRODUCTION 

Extravehicular activities have been playing an increasing role in manned 
space programs. These activities allow increased overall mission efficiency and 
broaden the scope of mission accomplishments. In the case of Skylab, it is well 
known that the unscheduled EVA # s turned a near mission cancellation due to cata- 
strophic equipment failure into a highly successful series of missions. 

The most critical element of the pressure suit is the glove for without 
outstanding mobility of the glove, trivial EVA tasks require disproportionate 
time and energy expenditures. These large energy and time costs tend to mini- 
mize the frequency and scope of EVA's and lead to alternative mission task solu- 
tions (i.e., automatic deployment, remote cargo handling etc.). 

Space shuttle cabin pressure has been established at 14.7 psi 1 (sea level 
pressure). In order to eliminate the possibility of embolism during EVA's either 
a minimum suit pressure of 8.0 psi is required or considerable time mu be 
expended in prebreathing pure oxygen to eliminate nitrogen in solution in the 
body tissues. EVA's at 4.0 psi or less . *:e only then possible. Obviously, 
if there is not significant compromise of safety or mobility, an 8.0 psi suit 
pressure is very desirable. It was the purpose of this program described herein 
to prove the feasibility of a highly mobile 8.0 psi glove. 

This reports presents the results of the 8.0 psi pressure glove program 
performed for NASA Ames under Contract NAS2-7610. The program consisted of 
Phase II, Phase III and Phase IV efforts which were a continuation of a 
Phase I (Contract NAS2-7008) effort to develop a highly mobile space suit glove 
capable of an 8.0 psia operational pressure. The Phase II effort was to in- 
corporate the recommendations submitted in the Phase I final report (NASA CR- 
114,535), and the Pha e III effort was to provide two pairs of end item 8.0 psi 
gloves . 

This program resulted in the following developments: 

1. Refinement in use of the mini-convolute construction and in finger 
shape to provide a better fitting more tactile arrangement. 

2. A highly mobile and stable first metacarpal joint for both the 
palm and thumb. 


1. For metric equivalents of all pressures used in this report consult 
Table 1 . 
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3. A modular construction technique which lends itself to modular pro- 
duction, replacement of elements and resizing of glove elements for 
re-use . 

4 . Glove elements which have demonstrated cycle life of at least 100,000 
cycles for the fingers and first metacarpal joints and at least 
3,000,000 cycles for the wrist joint. 

The two pairs of end item 8.0 psi gloves incorporating these developments 
were delivered as required. 

The Phase IV program implemented the recommendations .\ade in the Phase II 
and III Interim Report and resulted in the following accomplishments: 

1. The elimination or replacement of all hard components previously 
used in the Wrist joint section resulting in a "soft” convolute 
structure. 

2. The substitution of molded urethane cable guides for the earlier 
metal clamp type guides used in the wrist joint, resulting in a 
lower profile and lower weight wrist joint which is smoother operating 
and exhibits a lower bending torque than previous designs. 

3. The investigation and use of synthetic Kevlar cord, in lieu of braided 
steel cables, for restraints on the wrist joints. 

4. The redesign of the first metacarpal joints of the glove for greater 
comfort and mobility. 

One pair of 8.0 psi gloves were delivered under Phase IV program, the 
left hand wrist joint section restrained with Kevlar cord and the right hand 
wrist joint restrained with steel cable. 

Section 2 of this report covers the development history of the programs . 
Section 3 covers recommendations for further development. Section 4 is the 
summary. Appendix A covers test reports. 


2 



SECTION 2 


1 

i 


DEVELOPMENT 


2*1 PHASE II 

The Phase I glove (Figure 1) acted as the starting point for the Phase 
II prototype glove. The recommendations made in the final report for the Phase 
I effort, lead to major emphasis being placed in the following areas: 

• Fingers 

• First metacarpal joints 

• Palm restraint 

• Wrist joint 

2.1.1 Fingers 

The Phase II glove was to have more closely fitting tapered fingers than 
were used in the Phase I glove. A concept of integrally laying in the mini- 
convolutes as a single laminate structure was investigated early in the program. 
An integrally laid up finger was life tested successfully (Figure 2) and the 
first configuration of the Phase II glove used this type of finger (Figure 3) . 

However, difficulty in layup and large leak rates caused a revision back 
to the inlaid mini-convolute system similar to that used in the Phase I glove. 
The first configuration of the glove also had an undesirably loose fit of the 
fingers especially in the fingertip area. 

New tooling was developed with angled and markedly tapered fingertips. 

The thumb and fingers were retrofitted to the Phase II glove (Figure 4) and 
proved to be satisfactory except for some growth in the base of the thumb and 
leakage in the mini-convolute inlay area. 

The thumb base was reinforced and a method of pre-bonding the overlay 
areas of the mini-convolute border before inlaying into the basic fingers elim- 
inated both problems in the Phase III g- ve. 

Life test of the mini-convolute fingers to 100 r 000 cycles occurred in 
the Phase I program and was not repeated in this program. 
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2.1.2 First Metacarpal Joints 

A rolling convolute system was developed for both the palm and thumb 
first metacarpal joints to replace the marginal system used in the Phase I 
glove. The rolling convolute joints exhibited 0.15 ft-lb (0.017 joules) 
torques at 8.0 psi and were passively stable. 

Design changes in the Phase II glove resulted in somewhat improved clear- 
ance between the palm restraint shell and the pivot ring to which the thumb and 
finger caps are attached respectively. This change however, resulted in a dif- 
ficult pattern development for the rolling convolute fabric and although a use- 
ful life of at least 100,000 cycles has been demonstrated for this configuration 
(Figure 5) , subsequent gloves will use the geometry of the initial test joints 
because of the simple pattern development associated with those joints. The 
current gloves are entirely satisfactory in both life end function of these 
joints but ease of installation and the aesthetics of the convolute appearance 
can be improved. 

2.1.3 Palm Restraint 

A three ply epoxy reinforced fiberglass shell was used for the Phase II 
and III glove. Fiberglass was selected over an aluminum shell for its stiff- 
ness, safety, and thermal insulative qualities which should enhance the glove 
EVA configuration. 

The shell integrates first metacarpal pivot bushings, which are steel 
inserts, and the cable restraint pick-up ring for the wrist joint. A unique 
scalloped effect is used at the finger first metacarpal joint to both restrain 
the rolling convolute fabric and allow nearly full range movement of th? fingers. 
The scallops allow the fingers to close to a fist configuration while controlling 
the convolute fabric when the fingers are fully extended. The shell shape also 
provides clearance for the rearward movement of the dorsal aspect of the knuckles 
as the first metacarpal joint is flexed. 

The entire shell is covered with cabretta leather and a contoured ensolite 
pad is bonded between the shell and the leather in the palm area .o improve 
gripping of tools, handles, controls, etc. 

In summary the glove shell provides the following integrated functions: 

• Part of the first metacarpal joints including pivot bushings and 
convolute restraint 

• Clearance area for the knuckles 

• Cable pick-up for the wrist joint 

• Concave area for gripping tools, controls, etc. 
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2.1*4 Wrist Joint 


The wrist joint configuration is essentially that of the Phase I glove 
with the exception that one convolute per single axis element has been removed 
and the offset angle between cable restraint from one element to the next has 
been increased from 50° to 60° * The combination of these changes yields a 
design range of ± 60° in flexion-extension and t 29° in adduction-abduction* 

In application, this range proved to be very adequate and combination of design 
changes between the Phase I and II gloves reduced the overall glove length by 
over 1.5 inches (3.81 cm). The Phase II glove is comparable in length to the 
A7LB gloves (Figure 6) . 

A single element of the wrist joint was cycle tested at 8.0 psig (Figure 
7) . Because the torroidal wrist joint might have application in advanced pres- 
sure suits, it was decided to life test to destruction. After the first 100,000 
cycles proof pressures tests (15 psig for 15 minutes) were conducted at inter- 
vals of about every 50,000 cycles. Tests were finally terminated at 3,041,000 
cycles without failure. In the process of testing the joint was subjected to 
36 proof pressures which is over 9 hours of 15 psig pressure. Leak rate at 
termination was only 1.1 scc/min. 

2.1.5 Conclusions 

The outstanding reliability of the torroidal joint combined with the 
modularity of design in the glove elements and the extreme ruggedness of the 
palm area should provide a very cost effective glove system. These glove com- 
ponents can be used and reused for years without compromising reliability or 
safety. 


2.2 PHASE III 

The Phase III effort consisted of manufacture of two pairs of gloves 
essentially of the Phase II design (Figures 8 and 9) . There were no major 
changes incorporated into the Phase III gloves. However, subtle changes and 
improvements were made in the fingers and first metacarpals. The performance 
in terms of range and torque was also measured. 

2.2*1 Fingers 

Reduction in the number of mini-convolutes to move the bond line away 
from the fingertip cone transition line was incorporated. This resulted in a 
more controller convolute. 

The bond area of the mini-convolutes were prepared by neoprene coating 
and curing.* This resulted in a zero leak configuration which required no sub- 
sequent repair after installation. (Leakage occurred and repair was required 
on the Phase II glove.) 
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Figure 6, Phase III Glove on A7LB Skylab Suit 












The base of the thumb was reinforced to eliminate extension in the 
crotch of the thumb. 

2.2.2 First Metacarpal Joints 

Minor modification of the finger pivot ring was r ade . Holes which were 
provided for restraint lines in the Phase II glove were found to be unnecessary 
and were eliminated in the Phase III glove. All four Phase III gloves exhibited 
leak rates of under 10 scc/min at time of delivery. 

2.2.3 Performance 

The Phase III glove has the following ranges and torques: 

Fingers - grip diameter 0.25 inches (0.635 cm) 

Palm first metacarpal - Flexion extension (see Figure 10) 

Range 50° 

Torque 0.15 in-lb at 8.0 psig (0.017 joules at 0.55 bar) 

Thumb first metacarpal - adduction-abduction (see Figure 11) 

Range 47° 

Torque 0.15 in-lb at 8.0 psig (0.017 joules at 0.55 bar) 

Wrist Joint (see Figure 12) 

Flexion-Extension 
Range 60° 

Adduct ion -Abduc t ion 
Range 29° 

Torque 0.4 ft- lb at 8.0 psig (0.54 joules at 0.55 bar) 

Little <?r no degradation in glove performance is discernable at pressures from 
3.5 to 8.5 psig indicating that considerable operational pressure range can be 
effectively designed into future suit systems. 
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PHASE IV 



The Phase IV program involved the manufacture of one pair of improved 
8 psi pressure suit gloves (Figure 13) using "soft" torroidal wrist joints which 
were further developments of the Phase III designs. Major modifications in- 
cluded the substitution of Kevlar cord and tension rings for the earlier steel 
wire type and the elemination of all internal, metal compression rings. The 
aluminum cable guides employed in Phase III gloves were replaced with moulded 
urethane parts, and on one glove the restraint cables themselves were replaced 
with Kevlar cord to allow evaluation of an alternative restraint material. 

The hand portion of the glove was modified as a result of user evalua- 
tion of the Phase III model to incorporate improved performance in the palm, and 
first metacarpal joints. 

A 1,000,000 cycle life test was also successfully performed on both a 
steel cable and Kevlar cord restrained wrist joint section. 

2.3.1 Soft Wrist Joints 

The wrist joints of the Phase IV program were of the same general con- 
figuration as those of the Phase III effort except that they did not employ 
metal compression or tension rings to control the shape of the fabric convolves 
during flexure Additionally, new urethane cable guides were used on both wrists, 
one of which was restrained with conventional steel cable and the other which 
was restrained with Kevlar cord. 

2. 3.1.1 Tension/Compression Rings 

# 

Tension hoops made of stranded Kevlar fibers covered with a sheath of 
braided teflon and Kevlar were substituted for the steel tension rings used pre- 
viously* The Kevlar core of the cord provided adequate strength to counter the 
hoop stresses exerted by the pressurized fabric and the teflon in the sheath 
functioned to facilitate the movement of the cord during flexure. 

The compression rings were eliminated altogether with no noticable 
collapsing of the convolute stack toward the center of the joint during flexure* 
This “swallowing* had been observed on earlier wrist joint conf igurations but 
the degree of collapse appears to be a function of the number of coiwolutes that 
comprise an uncontrolled stack* 
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In the Phase IV joint there are six convolutes in two groups of three, 
separated by a load transfer ring. The rigid transfer ring acts as an external 
compression ring and controls the shape of that convolute and those adjacent to 
it, thus preventing the convolute stack structure from collapsing toward the in- 
side of the joint during flexure. 

2.3.1. 2 Cable Guides 

The aluminum clamp type cable guides used in the Phase III wrist joints 
were replaced in the Phase IV joint elements by cable guides cast from urethane 
material. 

The purpose of the cable guide is to control the path the cable follows 
along the arced convolutes of the joint during flexutre. This path should not 
be restricted exactly to the centerline of the joint, but rather should be 
slightly to one side or the other as the joint bends to compensate for the 
spring rate o.~ the convolute. This results in the volume of the joint remain- 
ing relatively constant but increasing slightly as the flexure range limit is 
reached. This compensation contributes to low bending torques and better pas- 
sive stability at deflected positions. 

A slotted cable aperature was used in the Phase III gloves to provide 
for selective control of the cable movement but this allowed the cable free play 
within the slotted range and stopped all movement beyond that. The result was 
a slightly uneven bending movement. 

A significant design improvement was realized in the Phase IV cable guides 
by using the elastic response of urethane materials under deflection to provide 
for uniform, continuous control of the degree of translation of the restraint 
cable from the center line of the joint throughout flexure. This was a factor 
in the lower, smoother bending moments experienced in the Phase IV wrist 
joints. 

The urethane guides were bonded to the fabric of the convolutes and then 
reinforced with an additional over layer of fabric that covered the wide flanged 
base of the part. This method of securing the guide to the surface of the con- 
volutes proved quite adequate and distributed the tangential loading imposed by 
the restraint cable sufficiently so that no noticable wear in the fabric was ob- 
served at the boundries of the guide after 1,000,000 test cycles. 

2.3.1. 3 Kevlar Restraints 

Synthetic Kevlar cord was also investigated for use as an alternative to 
the conventional aircraft cable restraint cords used in the wrist }oint. This 
proved to have both advantages and disadvantages associated with it. 
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The Kevlar material was inherently more flexible than the braided steel 
and thus the joints restrained with cord, as compared with the identical units 
using steel, showed lower bending moments. At the same time, because of its 
rigidity, the steel was much easier to handle during the fabrication process. 

Steel cords also have a long and well proven history of being success- 
fully terminated with great reliability and strength. The Kevlar that was 
used as the joint restraint in the Phase IV gloves was terminated with end fit- 
tings that were specially designed and to which only limited testing could be 
done. These end fittings are one area where improvements in reduced bulk, re- 
liability and strength could be achieved with further effort although the cur- 
rent terminals functioned well at both normal and proof pressures over 1,000,000 
cycles. 

Terminating the Kevlar cord required both the bonding (using epoxy with 
the same coefficient of expansion as the kevlar) and swaging and was both time 
consuming and of questionable repeatibility. In fact the end stem gloves 
Kevlar terminations failed in two proof pressure tests prior to the third and 
successful predelivery test. 

2.3.2 Metacarral Joints 

Evaluation of the Phase III gloves showed a pressure point adjacent to the 
the index finger at the palm's first metacarpal joint. This problem was allev- 
iated in the Phase IV gloves by widening the glove across the first metacarpal 
by 1/8 inches (0.32 cm). In addition, the first metacarpal joints (both palm 
and thumb) were modified to cylindrical developments in lieu of the compound 
curvature developments used in the Phase II and III gloves. 

2.3.3 Life Test 

Testing of a wrist joint section, half of which was restrained with 
kevlar cord and half of which utilized steel cable restraints, was successfully 
completed for 1,000,000 cycles. Each half of the joint was tested indepen- 
dently for tin full one million cycles with proof pressurization (15 psig) and 
leak rate measurements occurring every 100,000 cycles during the test. 

The test apparatus is shown in Figure 14. Compressed air was used to 
drive the test fixture at a rate of 60 cycles per minute. The joint pressure 
was maintained at 8.0 psig by a regulated air supply throughout the entire test 
and leak rates were recorded from the unmoving joint at 6.0 psig and 15.0 psig 
using a calibrated Gilmont flow meter. Bending moments were measured using 
a spring scale and a moment arm of known length, referenced to the center of 
the flexed convolute section. 
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fht average performance figures for the two sect ,9 of the test joint 
over their separate 1,00G>M0 cycle tests are sunmaxirM below. 



Steal Restraint 

Kevlar. Eestraint 

Leak rate 
Initial 

1.5 sce/mia 

0*0 scc/min 

Leak rate 
Average 

2.6 scc/min 

0.0 acc/m : .n 

Leak- rate ^ -;iIIIII 
Final 

6.0 scc/min 

0.0 sec/mi n 

i Bending 
Moment 
Initial 

0.43 ft- lb 
(0.58 joules) 

0.32 ft-lfo 
{0,43 joules) 

Bending 

Moment 

Average 

0.30 ft-lb 
(0.41 joules) 

0.31 ft-lb 
(0.42 joules) 

Bending .. 
Moment 

0.29 ft-lb 
(0.39 joules) il 

0.2? ft-lb 
{0.3? joules) 


The higher leak rates observed during the steel cable test were caused 
by a small leak in the fabric of the steel side. This was patched before the 
start of testing but it gradually enlarged over too course of 1,000,000 
cycles. Virtually all -of the leakage associated with the test’ joint at the 
: end of the program was from this point (a s demonstrated' from submersion 
tests) and although fabric wear was evident at several other locations, no 
air loss was seen fro® these areas in -submersion- tests conducted at the com- 
pletion of cyclic testing. 

Only one design change was made during the test program. After 350. Q90 
cycles of tasting the Kevlar aide of the joint, tic Kevlar cord tension hoops 
showed evidence 1 of recessing in diameter under the hoop stresses imposed -by 
proof and operating pressure. Accordingly, the overlapping cemented bond was 
modified by increasing the overlap and sewing the ends together in .ddition to 
the use of adhesive. So slippage was experienced after this chang which, was 
also incorporated into the yet untested steel restrained side of thr joint. 

2.4 conclusions 

Although . . .further ef fort : : is . nce» ' 4 to achieve- an oper a t ion al : : EVA conf igttr 
at ion, the Phase 111 and IV efforts have demonstrated the feasibility of pro- 
viding highly mobile 8 psi suit components {see figure IS). This demonstration 




of feasibility is especially meaningful in light of the fact that gloves have 
traditionally been the least satisfactory suit component from both a mobility 
and reliability aspect. 



TABLE 1. ENGLISH-METRIC PRESSURE EQUIVALENTS 


PSIG 

BAR 

3.5 

0.24 

4.0 

0.28 

8.0 

0.55 

8.5 

0.59 

14.7 

1.01 

15.0 

1 .03 




SECTION 3 


RECOMMENDATIONS 

The 8 psi pressure glove program has resulted in a steady series of 
glove improvements which clearly demonstrate feasibility of producing a 
highly movible and reliable 8 psi glove. 

During the latter phase of the glove program, user comments have been 
received which indicate certain changes should be implemented in the basic 
glove while further development is obviously needed to configure the glove 
for EVA operations. 

Aerotherm recommends the following efforts be accomplished in finalizing 
the 8.0 psi glove which are the results of user comments: 

1. First Metacrrpal Joints - The palm's first metacarpal joint is 
functioning as anticipated and will be of real value in EVA applica- 
tions where qrasping force is required. The thumb metacarpal is a 
mixture of advantageous and decrimental features. The thumb meta- 
carpal does impose a compound contour in the glove shell and there- 
fore reduces the useful work surface in the palmar area. The elimina- 
tion of the thumb metacarpal will result in a simplified glove with 
lower manufacturing cost and improved grip area performance. 

2. First Metacarpal Pivots - The only portions of the glove which have 
a noticeable increase in torque as pressure is increased are the 
first pivot pins and bushings. Efforts to improve the efficiency 
of the pivot pin bushings are recommended. Polished pivot pins 
running on a porous lubricated Vespel sleeve bushing would certainly 
reduce friction. The pivot pins are currently threaded and locked 
to the first metacarpal ring using Locktite adhesive. This method 
of securing the pivot pins may result in Locrtite entering the bush- 
ing area. Methods such as roll pins, or other keeper devices should 
replace the current threaded connection. 
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3. Wrist Joint - Although both Kevlar cord and steel cable were 
successfully employed and tested in the Phase IV glove , the steel 
cable was more easily installed with a higher probability of 
having secure cable endings. We therefore recommend the use of 
steel cable in subsequent glove assembles. 

4. Finger Design - The advanced pressure glove should incorporate 
two ply finger techniques in which an inner pressure barrier is 
contained by an outer restraint 1 /er of Kevlar 49 fabric. 

5. Cable Guide Improvement - The molded urethane guides are excellen*- 
both functionally and esthetically. However, alternative urethanes 
having a somewhat higher shore hardness and toughness should be 
investigated. 

6. Wrist Joint Bearing - The sealed bearing torques interfere somewhat 
with the proper functioning of the now orthogonal wrist joint. Re- 
cent development of a low profile sealed bearing Contract NAS-2-8422 
indicates t>at lower torques could be experienced if the new sealed 
bearing configuration were employee. 

7. Thermal Overglove - Verification of the effectiveness of the 8.0 
psi glove ultimately depends on its utility in actual or simulated 
EVA operations. These tests cannot realistically occur until the 
glove is presented in its EVA configuration. Aerotherm is currently 
under contract with JSC for the development of an EVA thermal glove 
(Contract NAS-9-14461) providing a thermal overglove for a GFE 4.0 
psi glove. A parallel effort at this time to configure the 8.0 psi 
glove for EVA operations could be accomplished with maximum econo- 
mies in its development. 
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SECTION 4 
SUMMARY 

The Phase II, III 8 psi pressure glove program has demonstrated the 
feasibility of providing a high pressure, very mobile and reliable glove system. 

All design goals (i.e., joint range, life, torques, operational and 
proof pressures) were met or exceeded. 

The Phase IV glove program resulted in the development of a “soft" 
toroidal wrist joint assembly that was lighter, lower on both profile and 
bending torque, but retained the same degree of durability and mobility dem- 
onstrated in the Phase III gloves. The overall design was simplified and the 
number of parts reduced. 

Testing of a representative Kevlar and steel wrist section proved the 
useful lifetime of either design to be in excess of 1,000,000 cycles. 

Improved comfort over the Phase III glove was accomplished by increasing 
finger first metacarpal dimensions. 

Recommendations for continuation of this effort concern design refine- 
ment, and EVA configuration. 

The significance of the success of this critical suit component is in 
the potential of producing an 8.0 psi space suit capable of quick reaction long 
term EVA’s. 


28 



I 


j 


APPENDIX A 
TEST PLANS 


J 


29 



1 


1 


APPENDIX A TABLE OF CONTENTS 

Testing Page 

1 Life Test — Wrist Joint 31 

2 Life Test — Palm First Metacarpal Joint 36 

3 Life Test — Thumb Joint 37 

4 Life Test — Finger 38 

5 Pre-Acceptance Test — Phase II Glove 39 

i 6 Pre-Acceptance Test — Phase III Glove 

: ? S/N 1461 40 

7 Pre-Acceptance Test — Phase III Glove 

S/N 1459 41 

8 Pre-Acceptance Test — Phase III Glove 

S/N 1458 42 

9 Pre-Acceptance Test — Phase III Glove 

S/N 1460 44 

10 Life Test — Kevlar Restrained Wrist Section .... 45 

11 Life Test — Steel Restrained Wrist Section .... 57 

12 Pre- Delivery Leak and Proof Test — Phase IV 

Right Glove 70 

13 Pre-Delivery Leak and Proof Test — Phase IV 

Left Glove 71 


J 


30 



TEST PLAN PROCEDURE 
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